Abstract. The toroidal phase and rotation of otherwise locked magnetic islands of toroidal mode number n=1 are controlled in the DIII-D tokamak by means of applied magnetic perturbations of n=1. Pre-emptive perturbations were applied in feedforward to "catch" the mode as it slowed down and entrain it to the rotating field before complete locking, thus avoiding the associated major confinement degradation. Additionally, for the first time, the phase of the perturbation was optimized in real-time, in feedback with magnetic measurements, in order for the mode's phase to closely match a prescribed phase, as a function of time. Experimental results confirm the capability to hold the mode in a given fixed-phase or to rotate it at up to 20 Hz with good uniformity. The controlcoil currents utilized in the experiments agree with the requirements estimated by an electromechanical model. Moreover, controlled rotation at 20 Hz was combined with Electron Cyclotron Current Drive (ECCD) modulated at the same frequency. This is simpler than regulating the ECCD modulation in feedback with spontaneous mode rotation, and enables repetitive, reproducible ECCD deposition at or near the island O-point, X-point and locations in between, for careful studies of how this affects the island stability. Current drive was found to be radially misaligned relative to the island, and resulting growth and shrinkage of islands matched expectations of the Modified Rutherford Equation for some discharges presented here. Finally, simulations predict the as designed ITER 3D coils can entrain a small island at sub-10 Hz frequencies.
. Perturbed current pattern, sinusoidal in helical angle mθ − nφ, of a m/n = 2/1 magnetic island mapped onto a thin surface. Also depicted are the internal I-coils (green) and external C-coils (red) used to generate 3D fields on DIII-D.
Introduction
Current perturbations, in the form of a deficit in pressure-driven bootstrap current, can cause magnetic reconnection and formation of Neoclassical Tearing Modes (NTMs) in the plasma [1] . Islands-identified by poloidal and toroidal mode numbers m and n respectively, form at "rational" surfaces, where the safety factor equals q = m/n-can cause a nonaxisymmetric local flattening in the pressure profile, which increases the deficit in bootstrap current and drives the island to grow larger.
While initially rotating at the plasma's natural rotation frequency, these non-axisymmetric current filaments can induce eddy currents in the vacuum vessel wall, which in turn drag on the NTM, causing it to slow and eventually lock to residual error fields [2] . These locked modes (LMs) can quickly grow in amplitude, deteriorating plasma confinement by deforming pressure profile as in [3] and, in the worst case scenario, cause a major disruption [4] .
A number of approaches have been studied to mitigate the deleterious effects of locked modes, including: avoid seeding the initial mode [5] , suppression during the rotating phase [1] , or suppression of the locked mode itself [6] . It has been demonstrated that islands can be suppressed by replacing the deficit current [7, 1, 8] , using electron cyclotron current drive (ECCD) [9] , given proper alignment. In a system with a fixed launcher location, the deposition region is constrained in major radius by resonance location, in the toroidal coordinate by purpose (current drive or heating-only), and in height by the flux surface on which power is desired. Thus the intersection of the LM O-point with the deposition region can only be accomplished by controlling the phase of the mode.
One common technique for controlling the mode phase is to apply resonant magnetic perturbations (RMPs) by means of non-axisymmetric coils. They can be either internal or external to the vessel, like the I-and C-coils at DIII-D, respectively, shown in figure 1 . As predicted by theory [10] , such coils can be used to apply an electromagnetic torque to the mode and thus control its toroidal phase. The simplest usage would be to apply a pre-determined RMP, either static or rotating, with the expectation that the mode will align to it or, more precisely, to the resultant of the applied RMP and error field. This feedforward method has previously been shown to entrain modes at DITE [11] , TEXTOR [12] , and DIII-D [6] . Experiments at TEXTOR were conducted on tearing modes driven by error field penetration (where the error field in question was the RMP itself) [13] . Experiments at DIII-D were carried out on pressure-driven NTMs [6, 14, 15] . Other methods include using a feedback algorithm where the measured mode amplitude is multiplied by a complex gain to obtain the applied RMP [16] . At DIII-D, tuning the complex gain yielded control of the mode rotation frequency up to 50 Hz [17] , while feedforward reached rotation frequencies up to 300 Hz [18] . Both the feedforward and feedback approaches described forced the mode to rotate despite drag from the wall. However, neither approach had fine control of the mode phase. Such a feature is highly desirable when controlled mode rotation is combined with modulated ECCD, in order to suppress the mode and restore good confinement. This is because mode rotation alone, without ECCD, would only be stabilizing (via rotation shear and wall shielding) if very fast, well above the inverse wall-time [19] . Otherwise, ECCD is necessary to stabilize the rotating mode. Preferably, the ECCD should be modulated in phase with the transit of the island O-point in the deposition region. This poses the need to either measure the island phase and adjust the ECCD modulation accordingly, in real time [20] or, as shown in the present work, to prescribe the island phase in advance, as a function of time, and pre-program the ECCD modulation accordingly.
The theory of a feedback controller of the island phase was laid out in earlier work [21] . Assuming a saturated island of fixed width, its toroidal rotation was modeled under various conditions and compared to experimental observations. Using this representation, the system's response to an arbitrary control scheme was tested and optimized. A modified control scheme was ultimately implemented, the results of which are presented in section 3 of the present paper.
The paper is organized as follows: section 2 shows a new technique of preemptive entrainment in feedforward. Section 3 describes the feedback phase controller as implemented on DIII-D. Section 4 presents the experimental results. Section 5 then extends the model to predict entrainment capabilities for ITER.
Feedforward preemptive entrainment
A novel technique of preemptive entrainment is studied here, where a rotating RMP is applied early in the current flattop period, before the mode decelerates significantly and locks. When the m/n=2/1 rotating precursor forms, initially in the kHz range, and decelerates due to wall drag, the mode is expected to lock onto the existing rotating RMP instead of locking to the wall. In theory, the prevention of complete mode locking would limit the island growth, as it is partially stabilized by rotation in the presence of a conducting wall [22] and by rotation shear [23, 24, 25] .
Experimental result
An experiment was performed with the preemptive entrainment technique at DIII-D. The discharges had a flat top plasma current of 0.9 to 1.0 MA and a toroidal field of 1.7 T, giving the plasma a safety factor q 95 between 4.8 to 5.8 during the flat top. After current flat top was reached at 700 ms, a RMP rotating at 70 Hz was applied starting at 1300 ms, with 4.3 kA of current in the internal I-coils. An average of 3 MW of neutral beam power pushed the plasma into H-mode at approximately 1760 ms, after which NBI power was increased up to a peak of 9 MW. In the discharge shown in figure 2 , the 2/1 NTM appeared at around 2392 ms, initially rotating at about 7 kHz. Neutral beam power was reduced to roughly 5.8 MW near this time, which provided approximately 0.4 Nm of torque to the plasma for the rest of the discharge.
As the island rotation was reduced to near zero at 2514 ms, it locked to the 70 Hz rotating RMP without locking to the intrinsic residual DC error field.
To be more precise, the island tends to align to the resultant of the rotating RMP and static error field. This explains why its rotation is non-uniform (figure 2(c)) and why the frequency oscillates around 70 Hz on a sub-period timescale ( figure 2(b) ). Note that the instantaneous rotation frequency plotted in figure 2(b) is defined as the time-derivative of the toroidal phase signal in figure 2(c), where negative frequency is in the direction of natural plasma rotation. Also, the frequency oscillations can be so large that the mode rotation can temporarily change direction (figure 2(c)) [18] , and the rotation frequency can temporarily vanish, for a small fraction of the 14.3 ms rotation period. Four instances of vanishing rotation frequency can be noticed in figure 2(b), but they should not be interpreted as mode locking. Other shots from the same experiment exhibit similar behaviour. The measured amplitude and phase of the mode were corroborated between measurements of the perturbed poloidal and radial fields, as well as using the electron cyclotron emission diagnostic [26] . Here and in the remainder of the paper, mode phase is defined as the toroidal position of peak perturbed radial magnetic field as measured at the outboard midplane. The poloidal field measurements come from an n = 1 fit of a toroidal array of Mirnov probes, located inside the vessel. The perturbed radial field was measured by external saddle loops differenced (ESLD), where sensors 180
• apart are subtracted to obtain odd-n signals. Further discussion of the magnetic sensors on DIII-D and their capabilities to measure 3D phenomenon can be found in [27, 28] . As the applied RMP and the mode rotate at the same frequency (except for the oscillations just discussed), it was important to isolate the actual mode measurement and remove any coil-sensor pickup of the applied fields. This was realized by a.c. compensation [29] .
In summary, this preemptive entrainment technique traded complete mode locking for a slowly rotating entrained island. This technique requires a rough prediction of when the mode might appear, and with what amplitude, so that the rotating RMP is only applied when needed, and with an amplitude just sufficient for entrainment, so that its negative impact on confinement can be minimized.
Discussion and simulation
By definition, a preemptive rotating RMP is applied before the rotating mode has appeared. Therefore, preemptive entrainment can only be applied in feedforward as there is no signal to feed back on.
Even if the applied fields rotate uniformly, the island will very likely rotate non-uniformly, due to electromagnetic torques from residual error fields, fluctuating island widths, and changing plasma conditions. An extreme case and a typical example are illustrated in figures 3(a) and 3(b), respectively. Both cases are taken from the same experiment reported in figure 2, although at different times. Here the amount of deviation from uniform rotation is quantified by the root-mean-square of the difference between the actual mode phase and a fixed-frequency trajectory. These r.m.s. phase-differences are evaluated over one period, and are denoted by ∆Φ. For the 76 periods in which the mode was entrained, the values of ∆Φ ranged between 3.5
• and 19 • (figure 3(a)), with a mean of 9.5
• ( figure 3(b) ). It is interesting to note that, in the experiment, the phase deviation appears to be a mix of n = 1 and n = 2 perturbations, exemplified by the asymmetric deviations of the measured phase in black from the ideal red dashed trace. As both the mode and applied RMP are n = 1, this behaviour might be the result of an n = 2 error field interacting with the mode.
The dynamics of the island are governed by the equation of motion:
where I and φ are the moment of inertia and toroidal phase of the island, respectively. On the right-handside of the equation are the electromagnetic torques exerted by the wall, static error field, and applied RMP onto the island. These torques are calculated from a numerical model [21] which treats the island as a single m/n = 2/1 Fourier mode in cylindrical geometry, and the perturbed or induced currents and applied or intrinsic magnetic fields are represented by phasors. This is the equation used in time-dependent simulations herein. A few simplifying assumptions have been made: no other tearing modes exist or can interact with the 2/1 mode of interest, the plasma around the island has low rotation and is not imparting momentum on the island, and torque from the neutral beams on the island is negligible. This last assumption is valid for either balanced co-and counter-injection, or for beam deposition away from the island location. In this experiment, the NBI torque deposited directly into the island, estimated based on ratio of the poloidal cross-sectional areas of the island and the plasma, is approximately 0.04 Nm, which can be neglected when compared to electromagnetic torques on the order of 1 Nm.
In simulations of the preemptive feedforward entrainment, an uncorrected n = 1 error field of 0.5 G at the rational surface causes an n = 1 perturbation to the rotation with an average phase deviation of ∆Φ = 10.2
• . This error field amplitude was chosen to approximately match the experimental mean value of ∆Φ = 9.5
• in simulation. Simulations performed under the same plasma conditions and for the same error field indicate that the deviation is reduced to ∆Φ = 5.3
• when feedback is used (figure 3(c)), which is described in the next section.
Implementation of feedback phase controller
A feedback controller of the 2/1 mode phase was implemented in the DIII-D plasma control system, as shown in figure 4 . Using the external saddle loops differenced (ESLD) signal as input, the algorithm calculates the amplitude and phase of the n = 1 locked or slowly rotating mode. The issue of drifts often associated with time-integrated signals is addressed by subtracting a baseline from each measured value. Such a baseline is evaluated 50 ms before mode locking, when the mode is still rotating rapidly (faster than 100 Hz) and, consequently, is not detectable by the ESLDs, due to wall shielding.
The operation of the controller is described here. The calculated phase of the island φ LM is compared to a pre-determined reference phase φ ref .
The discrepancy or error angle between the two, φ err , is used as input to a proportional-integral (PI) controller. Note that the subscript err is not related to (and should not be confused with) the error field. The PI controller accounts for the present error angle as well as its time history with:
where K p and K i are the proportional and integral gains respectively, and t 0 is the time at which the controller is turned on. The output of the optimal correction angle φ corr advances the phase of the applied perturbation, φ RM P , with respect to φ LM . This correction is then clipped to φ LM ± 90
• for maximum torque. Ultimately, a.c. currents of constant amplitude are delivered to the internal 3D field coils (I-coils) in order to apply an n=1 RMP at the desired phase φ RM P (t). This algorithm was implemented on a CPU with a cycle time of 50 µs, much shorter than the wall time of about 3 ms. This fast timescale allows rapid adjustments of φ RM P (t), in order for φ LM (t) to faithfully match the slowly evolving, desired φ ref (t). In the experiments presented here φ ref (t) is either static or evolving at 20 Hz.
The present approach is satisfactory at frequencies well below the inverse wall-time (about 50 Hz at DIII-D). For faster entrainment and associated stabilizing effects, the amplitudes of the coil-currents should be increased as a function of the requested rotation frequency to overcome the effect of the increasing wall shielding. This is left as a future improvement.
Mode phase control in experiment
An experiment was performed on DIII-D with the goal of using the new feedback algorithm to achieve smooth entrainment of the mode, combined with synchronized deposition of ECCD to suppress the island amplitude.
Here "smooth" refers to uniform rotation, both within a single rotation period, as well as from period to period. The DIII-D discharges presented in the remainder of this paper have the following parameters: a plasma current of 1.0 MA and toroidal field of 1.7 T gave a safety factor between 4.3 and 4.5. H-mode was obtained at approximately 1500 ms and subsequently lost around 2200 ms, when an initially rotating 2/1 NTM appears, quickly decelerates and becomes locked within 200 ms. The locking event triggers a response in the controller and, for later shots discussed in section 4, gyrotron power.
The capability of the controller was tested with a pre-programmed reference phase for fixed-phase and 20 Hz rotation. Figure 5 shows the results of a shot where only proportional feedback was used, with the proportional gain K p stepped over four different values in each type of request.
The agreement between the requested LM phase φ ref and the actual, magnetically measured LM phase φ LM is qualitatively evident from fig. 5(a) . The discrepancy between the two, φ err , averaged over the duration of each fixed proportional gain, is used as a quantitative figure of merit. This averaged discrepancy < φ err > is calculated for both the experimental measurements (black symbols in figure 6 ) and the equivalent simulated scenario (blue symbols). All simulations in this section used the same parameters as in shot 166560, including the same radial position of the island, and same RMP strength, corresponding to 2.7 kA of current in the I-coils.
In the fixed-phase case (figure 6(a)), it is clear that the controller can control the LM phase as desired, as long as the proportional gain K p exceeds a threshold located in the interval 0.5 < K p < 1.
The entrainment tests (figure 6(b)) exhibit larger errors. In fact, the lowest proportional gain K p of 0.5 in the scan was unable to entrain the mode and, at t 3040ms, it allowed the mode to "slip" backwards and catch the next rotation ( figure 5(a) ). This slippage resulted in a brief period in which φ LM (t) matched φ ref (t), which may have reduced the apparent tracking error for several periods that followed (into the next proportional gain value). Higher gain, K p ≥ 1, yielded continuous entrainment without such slipping events, but with some significant discrepancy φ err . In reality, finite, relatively large discrepancies were actually expected (see blue symbols in figure 6(b) ) as a result of how the phase-controller [21] is expected to perform at 20 Hz. This is due to currents induced in the wall not yet being completely accounted for in the controller. As a matter of fact, experiments exhibited even larger tracking errors (black symbols in figure 6(b) ), but this was also reasonable, as it is wellknown that a proportional-only controller cannot track a ramped reference without error [30] . Adjustments of controller gains achieved the desired smooth rotation and brought average φ error to within acceptable levels ( 30 • ) during later shots. The performance of a simple proportional-integral controller is satisfactory for this first attempt of feedback control of mode phase. Advanced techniques such as iterative learning control [31, 32] can be adopted for further improvement.
Simulation of proportional-only control
Other major factors contributing to the tracking error in this proportional-only scheme are the island width and its proximity to the wall, or equivalently, the position of the q = 2 surface in normalized minor radius ρ.
For these steady-state simulations, the effect of the error field must be dropped from equation 1, to prevent it from adding a sub-period perturbation to an otherwise uniform entrainment. Experimentally, this can be achieved if the error field is well-corrected and made negligible compared with the applied, slowly rotating RMP. The resultant motion will be a balance between the wall torque and the applied RMP torque only: 
= T wall + T RM P
(3) Figure 7 shows the toroidal tracking errors expected from simulations, as described by equation 3, where the phase of the RMP is determined by the proportional control. Each panel presents three colour contours with different thicknesses for changing (a) island width or (b) normalized radial position of the q = 2 surface. For example, the contour with medium thickness lines in panel (a) shows that a 5 cm island entrained at 30 Hz with K p of 2 has a predicted tracking error of 20
• , whereas a 4 cm (thin lines) or 6 cm (thick lines) island using the same parameters would have errors of 17
• and 22
• respectively. This expected lag increases for larger islands or shorter distance from the wall, due to the different dependencies of the RMP and wall torques on these parameters. A higher entrainment frequency also increases the error due to stronger wall shielding of the applied RMP and increased wall torque (peaks at the inverse wall time) on the mode. Simulations show that increasing the gain reduces the tracking error, but at the risk of overall system stability in transient evolution [30] .
As it currently stands, using saddle loops external to the vessel as sensors prevents the controller from detecting modes rotating much faster than the inverse wall time.
Even at frequencies yielding measurable signals (comparable with the inverse wall time, or approaching it), shielding presents issues: the measured mode phase lags behind the true mode phase. A future combination of internal sensors (whether Mirnov or saddle loops) and real-time a.c. compensation for coil-sensor pickup will contribute to deploying the controller at frequencies above the present limit.
Combining mode entrainment and modulated ECCD

Experimental results
After mode entrainment was achieved, modulated ECCD with a 50% duty cycle was deposited in synchronization with the mode rotation at 20 Hz, corresponding to a period of 50 ms. For comparison, typical NTM evolution timescale (w/(dw/dt)) in the present experiment is between 40 and 200 ms. Note that in earlier experiments at DIII-D and AUG [20] , ECCD was modulated in feedback with island phase measurements, though it is a challenge to do this in real-time with available diagnostics. More simply, here the island phase is prescribed by a feedback controller as a function of time, and the ECCD modulation is simply programmed in advance. Average phase error of 30
• was considered negligible compared to the toroidal 180
• for which the ECCD was turned on. Six gyrotrons were used in this experiment to provide up to 3.5 MW of heating and drive about 22.5 kA of current in the co-plasma current direction [33] . It should be noted that the EC current is established on an electron-electron collisional timescale, which is significantly shorter than the evolution of interest and can be considered instantaneous. However, externally driven current effect changes in the current profile much more slowly, as discussed later.
The four plasma discharges used for analysis follow a similar trajectory in their overall discharge evolution. After reaching current flat-top and entering H-mode, a m/n = 2/1 NTM appeared with a rotation frequency in the high kHz range. The NTM was allowed to grow and decelerate without intervention. Modulated ECCD and rotating RMPs were applied upon detection of mode locking. From here, the measured mode amplitudes oscillated until programmed I p ramp-down. In contrast, an earlier reference shot with no ECCD disrupted shortly after locking.
A coherent average of the mode amplitude over 25 periods was performed for each shot, shown on the right subpanels in figure 8 . The thin dotted black lines represent one standard deviation away from the mean mode amplitude. This averaging process reduces the noise in the signal for the following analysis. Given the periodic nature of this behaviour, the 20 Hz frequency used in entrainment and synchronized deposition was adopted to fit a sinusoid (red) to the averaged mode amplitude (black). This single-frequency fitting gave a R 2 between 0.974 and 0.981 for the four shots, while fitting the 2nd and 3rd harmonics-with normalized amplitudes up to 0.13 and 0.04 respectively-only improved the R 2 to about 0.995. Higher harmonics were found to be progressively smaller, thus analysis proceeded with the fundamental 20 Hz fit.
The mode amplitude response to the driven current was found to be against the expectation of Opoint deposition suppressing the mode. It was actually observed that the mode amplitude had increased when the O-point was believed to be in phase with the deposition location ( figure 8(a) ). Similarly, current nominally driven in the X-point was correlated with a decrease in mode amplitude ( figure 8(b) ). These peculiar results were further corroborated by two additional shots where the gyrotrons were turned on half-way between the island O-and X-points, as in figure 8(c) and (d).
Effect of radial misalignment
Upon closer analysis, it was found that the radial location of ECCD deposition, r, differed from the rational surface location r s by an amount |r − r s |/w ECCD = 1.66, where w ECCD is the ECCD deposition full width at half maximum (FWHM). This was due to a poor between-shot equilibrium reconstruct based on magnetics alone and gyrotron mirrors that could only be aimed in feedforward, lacking real-time tracking of the radial position of the rational surface. The current was driven outside of the island (solid color box in figure 9(a) ) and redistributed, due to parallel transport, over the "intercepted" flux-surfaces, external to the island (shaded lighter color). X-point phasing yields figure 9(b) , where the current is driven in fluxsurfaces farther away from the island separatrix.
When modulated ECCD is entirely deposited outside the island, it does not result in a helical current-filament that can compensate for the bootstrap current-deficit in the island. Rather, it results in a current-sheet or toroidal annulus being driven in a range of minor radii, but at all poloidal locations. At most, the current-sheet will be kink-deformed on the flux-surfaces, which are rippled due to proximity with the island. In these cases, scanning the phase of the time-modulation does not affect the helical phase of ECCD deposition relative to the island O-point. Rather, it is equivalent to radially scanning the ECCD deposition relative to the island separatrix.
A combination of different tools were used to obtain the current deposition location relative to island position plotted in figure 9 . TORAY-GA [34] provided the radial deposition profile of the ECCD, fitted with a Gaussian. The mode's radial position is given by an EFIT equilibrium reconstruction, and its toroidal phase and width are given by magnetic measurements. Finally, the toroidal deposition of ECCD relative to the island phase is given by known timing.
The expected current density profile for a toroidally O-point centered 50% duty cycle is plotted in figure 9(c) . This is a function of the normalized flux-surface coordinate, perturbed by the presence of the island, introduced in [35] : Ψ = (r − r s ) 2 /w 2 − (1 + cos(mα))/2, where w is the island width, and α = θ − nφ/m is the helical angle. Here Ψ = −1 corresponds to the center of the island, Ψ = 0 to its separatrix, and Ψ > 0 to the region outside the island. Distinction between the core and edge sides of the island is not needed in this direct current replacement model. Zero (dark blue) to small (light blue) radial misalignment still results in the majority of the current being driven inside the island O-point as desired. However, increased radial misalignments places a large fraction of the current either onto separatrix (vertical dashed line), which is brought near the island X-point by parallel transport, or outside of the island altogether. Current driven at these locations reinforces the initial perturbation, causing the mode to grow rather than be suppressed. This reversal of effectiveness has been previously predicted by [35] at sufficiently large radial misalignment |r−r s |/w ECCD 0.75.
Comparison with theory
The modified Rutherford equation (MRE) is given below [36] :
where τ R is the local resistive time and r is the minor radius of the rational surface. The right hand side includes the classical stability index ∆ (w) and neoclassical terms for small island effects w d and polarization w pol . The last term describes the effect of electron cyclotron current drive on the growth of the island dependent on an efficiency K 1 and the ratio of ECCD and bootstrap currents.
An early model by Perkins [35] calculates the efficiency K 1 of ECCD mode suppression by direct replacement of the missing bootstrap current, averaged over the modulation period.
where the efficiency is a function of island size (affects perturbed flux Ψ), a weighting function W (Ψ), deposition width w ECCD , radial misalignment ∆R, as well as duty cycle and toroidal phasing. Figure 10 shows contours of this efficiency, where the white marks in panels (b) and (c) show estimated experimental values.
In both the cw and O-point centered modulation cases, the highest efficiency occurs for wellaligned deposition, as expected. O-point deposition yields higher efficiencies everywhere, compared to cw deposition. In the 50% X-point modulation case (Figure 10(c) ), a well-aligned deposition results in a moderately negative effect, which diminishes for larger misalignment or island size.
More recent work by Westerhof [37] demonstrates that the MRE can be interpreted to also include the effects of current deposited outside the island that changes the local current profile, which was neglected in this work. Related work by Ayten and Westerhof [38] further includes the effects of mode rotation, resulting in a constant cw ECCD having a timedependent, periodic effect on stability due to being deposited at different phases relative to the island O-point. However, the current profile can only be perturbed on an L/R timescale, where L and R are the local inductance and resistivity respectively. In this particular experiment, the L/R time of approximately 60 ms allows us to assume current profile just outside the island does not change significantly during each 25 ms half-period of the ECCD turning on or off.
De Lazzari [39] further refined the model by including the effect of local heating on the local resistivity, and thus on the local current. The relative strengths of this term depend on the ratio of island and deposition widths, and on local temperature, bootstrap current, and perpendicular heat conducitivity. This was evaluated to be roughly an order of magnitude smaller than the direct current replacement effect in this experiment. Lastly, the change in local pressure profile gradient produces another perturbed current, but is numerically evaluated to be yet another order of magnitude smaller and therefore neglected in further analysis. Thus, the strongest contributing term of current replacement became the focus of further analysis, neglecting the other effects.
These works have been extended to calculating the change in saturated island width by using the MRE and accounting for the time-evolution of the ECCD term in the equation, due to the power being modulated and the island being entrained, changing the deposition location. This is accomplished by evaluating the effect on the efficiency K 1 of a thin slice of current deposited in a toroidally localized position, and the K 1 contours in figure 10 can be interpreted as the weighted averages over one period. As the deposition location is moved by rotating the island, the effect of the EC suppression will change in time, resulting in a gradual shift of the saturated island width. Figure 11 (b) and (c) depict a radially well-aligned blip of current in the O-and X-points of the island, and panel (a) shows the drastic difference between suppression efficiencies for radially well-aligned and misaligned depositions. While this is consistent with mode destabilization shown in figure 8(a) , panel (b) suggests that the mode is somewhat suppressed by the ECCD instead of the expected destabilization. Further investigation is required to explain this discrepancy. In fact, sufficiently radially misaligned deposition is expected to cause mode growth regardless of phase. This is due to the small fraction of helical current deposited near the island X-point having a stronger negative impact on stability than the even smaller amount of current deposited near the island O-point. This highlights a need, in future work, for robust realtime aiming of the EC mirrors towards the q = 2 surface in order to achieve maximum efficiency.
Modeling of feedback control on ITER
The predictive model for mode dynamics was adapted to ITER to estimate the entrainment capabilities for 2/1 islands. In its present design, ITER will have two sets of 3D coils: the internal three rows of nine ELM control coils [40] and the external three rows of six correction coils [41] . Continuing the phasor representation used by Olofsson [21] , each set of coils was modeled by an amplitude and phase appropriate for the applied RMP, optimized for maximum coupling (in vacuum) to the 2/1 island. For now, the simulation assumed that the power supplies used for these 3D coils are capable of delivering the necessary currents at low frequencies (< 20 Hz). ITER will also have a beryllium first wall and two layers of stainless steel vacuum vessel walls [42] , treated here as the source of the braking torque on the island. Using a thin wall approximation, they are reduced to a simple time constant that affects the mode dynamics and applied RMP penetration. Other factors such as test blanket modules and divertor were not included at this stage.
Fixed phase
A basic step reference, feedforward simulation was performed as a first check, using a fixed-width 5 cm island, with peak current of 10 kA/turn driven in the external coils as the RMP, and a 1 G residual error field. The phase of the RMP is advanced by 60
• every 3 seconds. Figure 12 shows the mode aligning to the RMP as expected, with an offset caused by the error field.
Entrainment
Similar to section 2, feedforward preemptive entrainment was simulated using the same conditions as above, except now with a rotating RMP. Figure 13 shows the mode slowing down and locking to the 5 Hz entraining RMP. As entrainment is approached, the phase of the mode follows that of the RMP with some oscillations caused by the induced currents in the wall. After these currents have fully decayed, smooth entrainment is observed for t 10 s. Equation 1 was used in both of the time domain simulations, which includes the effects of error field and slow decay of shielding currents in the wall.
To predict the maximum entrainment frequencies possible in ITER, we searched for a steady-state torque-balance between the wall drag and the applied RMP, neglecting error fields and possible time history effects.
Equation 3 was used in this simplified scenario to calculate the critical entrainment frequency, dependent on island width and applied current. Figure  14 suggests that small 2/1 islands can be entrained in the sub-10 Hz range. Curiously, although an externally applied RMP torque must penetrate through the walls in order to affect the mode, the higher number of turns in the external coils balances out the disadvantage in location. As a result, external coils exhibit entrainment capabilities similar to the internal coils, based on otherwise identical simulation parameters.
Summary and conclusions
Following previous work that simulated the dynamics of magnetic islands interacting with applied resonant magnetic perturbations (RMPs), error fields and conducting wall on DIII-D, a feedback controller was developed to control the phase of 2/1 islands. Preemptive feedforward entrainment of these modes was experimentally demonstrated at DIII-D and presented here.
However, we also modeled and experimentally confirmed that feedback control enables more uniform, smoother entrainment. Initial testing of this controller shows promising results in prescribing fixed phase to the mode, as quantified by a low tracking error. Entrainment studies using proportional-only capabilities resulted in a higher tracking error than expected, depending on the proportional gain used and requested frequency. Simulation suggests larger island size or radial position also increases the tracking error.
Stable low frequency (20 Hz) entrainment was achieved in this experiment. Future work includes improving the controller to operate at rotation frequencies higher than the inverse wall-time, about 50 Hz at DIII-D. This is expected to provide additional benefits for confinement, stability, and disruption avoidance.
Modulated electron cyclotron current drive (ECCD) was deposited in synchronization with the entrained, rotating mode for a detailed study of how it affects island stability, as a function of the phase relative to the island O-point. At first sight, the relation seemed counter-intuitive, with O-and X-point deposition respectively destabilizing and slightly stabilizing the mode. The deposition was radially misaligned, resulting in a large fraction of current being driven outside the island separatrix. Theoretical considera- Figure 11 . (a) shows the instantaneous efficiency K 1 for current deposited at a particular helical angle, for both radially aligned and misaligned case. (b) and (c) depicts a toroidally localized slice of current deposited in the O-and X-points of the island, respectively, where the solid box shows actual deposition location (5% duty cycle used for clarity), and the shaded region shows the effect of current being spread over the associated flux surfaces by fast parallel transport.
tions suggest that this should be destabilizing, when the ECCD is modulated with O-point phasing, consistent with experimental observations. However, X-point phasing should also be destabilizing, albeit to a smaller degree. This is not consistent with the observations presented, and will be the subject of further theoretical work. A well-aligned deposition in both radial and toroidal position would offer the most effective suppression, reducing the required input power. The effect of modulated, misaligned heating on the temperature and pressure profiles are secondary corrections not included here, and will be investigated in future work.
The code used to model mode behaviour was adapted to ITER, where static and rotating RMPs are predicted to be able to control the island's toroidal phase. The model also predicts a capability to entrain small (that is, recently formed, not yet saturated) islands in the sub-10 Hz range. However, other possible effects, such as the plasma response to the applied RMP, are not studied here and are left as future work.
Applied 3D magnetic fields have long been available as a tool in studying MHD stability. This paper presents the first instance of direct feedback phase control of 2/1 islands in real time, which can be used to prevent locking and its associated risks or to position the island favourably in order to assist its suppression by ECCD or its characterization by toroidally sparse diagnostics. 
